Abstract: The aim of the present study was to clarify the shape of the pulp chamber and the three-dimensional positional relationship between the contour of the crown and pulp chamber using a micro-computed tomography system (micro-CT) for restorations of mandibular second deciduous molars without pulp exposure, and to evaluate quantitatively the thickness of the hard tissue surrounding each pulp chamber. Samples were cariesfree mandibular second deciduous molars of the deciduous and mixed dentition periods (10 each) extracted from the dry skulls of Indian children. Micro-CT images of the crowns were taken. Horizontal two-dimensional slice data were then stacked to construct three-dimensional images, and the shape of the pulp chamber and positional relationship between the contour of the crown and pulp chamber were observed from various directions. Then, the volume ratio of the pulp chamber relative to the crown contour and the distance from the crown surface of each pulp horn (hard tissue thickness) were investigated to evaluate the characteristics of the deciduous and mixed dentition periods objectively. The results showed that the mesiobuccal and mesiolingual pulp horns of deciduous dentition were most pointed, and approximately the same height. The pulp horn was lower and rounder in the mixed dentition period than in the deciduous dentition period. The pulp chamber shifted to the mesial side of the crown contour in both the deciduous and mixed dentition periods. These findings suggest that care should be exercised to avoid exposure of the mesial pulp horn during cavity preparation for deciduous mandibular second molars, especially during the deciduous dentition period.
Introduction
It has been reported that, in comparison with permanent teeth, deciduous teeth have pulp that takes up a larger volume of the crown, and have thinner enamel. 1) During cavity preparation for a deciduous coronal restoration, caution is needed to avoid pulp exposure. For this purpose, it is important to understand the morphological characteristics of a deciduous crown, create a stereoscopic image of the inner pulp chamber shape and pulp horn location from the crown surface under direct vision, and to know the tooth substance thickness in the pulp horn area.
The thickness of the tooth substance of deciduous teeth has been reported, but the studies concerned only took into account the thickness of the enamel or dentin. 2, 3) Although a number of studies have measured hard tissue thickness in the pulp horn area of permanent teeth, [4] [5] [6] [7] few have focused on deciduous teeth. 8) Some studies have also examined the positional relationship of the contour of the deciduous crown and the pulp chamber. [9] [10] [11] However, the main methods employed were X-ray imaging and the use of sliced specimens, making it difficult to understand the images stereoscopically. Although one study employed threedimensional observation and morphological measurement, the approach involved preparation and optical superimposition of serial sections. This made it difficult to obtain accurate solid construction images and measurement data, as part of the sample was destroyed or lost during section preparation. High-resolution micro-CT allowing non-invasive stereoscopic observation from arbitrary directions has been used for three-dimensional observations of the deciduous crown contour and inner pulp chamber shape. [12] [13] [14] The present study focused on the shape of the pulp chamber, especially the pulp horn, and the positional relationship of the pulp chamber relative to the crown contour in mandibular second deciduous molars suggested that caries risk was high during the deciduous and mixed dentition periods.
Morphological measurements were also performed for objective evaluation.
15)

Materials and Methods
Twenty macroscopically caries-free mandibular second deciduous molars extracted from the dried skulls of Indian children were examined. Ten of the teeth were in the deciduous dentition period (when the central deciduous incisor to the second deciduous molar have reached the occlusal plane) and ten were in the mixed dentition period (when the central incisor, lateral deciduous incisor, deciduous canine, first deciduous molar, and second deciduous molar have reached the occlusal plane).
These teeth were scanned using a micro-CT system (HMX-225 Actis 4, TESCO, Tokyo, Japan) consisting of an imaging device and a computer. The imaging device consists of an X-ray generator, a 360 ° rotating specimen stage, and an X-ray detector.
During imaging, the tooth specimen was placed with the tooth axis vertical to the platform. Imaging conditions were: tube voltage, 140 KV; tube current, 105 μA; focal spot size of the Xray generator, 5 μm; magnification, × 10; and slice thickness, 50 μm. The detector was equipped with an image intensifier tube measuring 4 inches and a 1-inch CCD camera with a scanning line of 1,024 × 1,024. The camera generated raw data comprising two-dimensional images.
Three-dimensional reconstruction was performed using twodimensional images processed using TRI/3D-BON software (RATOC, Tokyo, Japan). After different colors had been applied to the pulp chamber, dentin, and enamel in the three-dimensional reconstructed images to facilitate identification of each part, only the pulp chambers were sampled and observed from various directions. The enamel and dentin were rendered transparent and the topographic relationship between the contour of the crown and pulp chamber was observed from various aspects (Fig. 1 ).
In order to objectively evaluate the topographic relationship Figure 2 . 3D rendered image of external crown morphology of mandibular second deciduous molar a: In the deciduous dentition, apices of the cusps were projection. b: In the mixed dentition, apices of the cusps were attrition.
(Scale bar represents 5000μm) Figure 1 . Procedure for constructing the three-dimensional images Three-dimensional images was performed using tow-dimensional images processed TRI/3D-BON software. Figure 5 . 3D topographic relationship of the crown contour and pulp chamber from occlusal aspect a: In the deciduous dentition, the pulp chamber was shifted to the mesial side of the crown contour. b: In the mixed dentition, the pulp chamber was smaller than deciduous dentition. (Scale bar represents 5000μm) between the crown contour and pulp chamber, the volumes of the total crown and pulp chamber were calculated using the TRI/3D-BON software. The volume ratio of the pulp chamber to the total crown was thus obtained. Furthermore, to clarify the thickness of the hard tissue at the pulp horn, arbitrary planes running through the pulp horns running parallel to the tooth axis were drawn in the reconstructed three-dimensional images, and morphological analysis was conducted to measure the distance between each pulp horn and the dentin surface. This research is allowed by our Institution.
The significance of differences in the results was examined in two dentition groups using the t-test at a significance level of p <0.01.
Results
Crown contours of the mandibular second deciduous molars
in the deciduous and mixed dentition were observed from various directions. The mesiobuccal, distobuccal, mesiolingual, distolingual, and distal cusps were observed in both dentition periods. In the mixed dentition period, apices of the cusps were more rounded than in the deciduous dentition period (Fig. 2 ).
An image extracting only the pulp chamber revealed the shape of the 5 pulp horns (mesiobuccal, distobuccal, mesiolingual, distolingual, and distal pulp horns) in both the deciduous and mixed dentition periods. The pulp horns were clearly observed in the deciduous dentition period. The mesiobuccal pulp horn was highest, followed by the mesiolingual pulp horn. Among the three distal pulp horns, the distobuccal pulp horn was the highest, followed in order by the distal lingual and distal pulp horns. In addition, the mesiobuccal pulp horn showing an eminence on its mesial wall was observed in the deciduous dentition. In contrast, a significant change was observed in the internal pulp chamber compared to the crown contour in the mixed dentition period. The pulp horn became markedly lower in height and rounded.
Such a change was especially noticeable in the three distal pulp horns (distobuccal, distolingual, and distal pulp horns) (Fig. 3 a, b). The shape of the distal pulp horn, which was smallest and lowest during the deciduous dentition period, was barely recognizable. These changes in the pulp horns were more significant than those in the crown contour.
These results indicated that the mesiobuccal and lingual pulp horns were the highest and intruded (Fig. 4 a, b) in the deciduous dentition period. In the mixed dentition period, the percentage of the pulp chamber relative to the crown contour became smaller.
When observed from the occlusal surface in the deciduous dentition period, the pulp chamber was shifted to the mesial side of the crown contour (Fig. 5 a, b) .
The proportional volume of the pulp chamber relative to the crown volume was measured for comparison to objectively evaluate the morphological findings for the mandibular second deciduous molar pulp chamber in the deciduous and mixed dentition periods. The values obtained were 8.8% in the deciduous Figure 6 . The volume ratio of the pulp chamber to the total crown. The result were 8.8% in the deciduous dentition, and 6.3% in the mixed dentition. Figure 7 . The dentin thickness at each of the pulp horns in the deciduous dentition and mixed dentition. The dentin thickness in the cusp was the thinnest at mesiobuccal (MB) pulp horn in the deciduous dentition. suggesting that the proportion of the pulp chamber volume was significantly higher during the deciduous dentition period (Fig.   6 ).
In addition, the thickness of the dentin in each pulp horn area was measured to investigate the change in thickness of the dentin (tooth substance) of each pulp horn area in the deciduous and mixed dentition periods. The corresponding values were 1.7-2.0 mm and 2.1-3.0 mm, respectively. The dentin in the cusp was thinnest in the mesiobuccal and lingual pulp horns compared with the distal pulp horns (distobuccal, distolingual, and distal pulp horns) in the deciduous dentition period (Fig. 7) . Discussion Previous studies investigating the inner morphology of teeth were performed using methods such as X-ray imaging, transparent tooth models, and superimposition of serial thin sections. However, these methods do not capture the inner features clearly and destroy the samples to a certain extent, making it difficult to reconstruct an accurate and smooth solid image.
The aim of the present study was to clarify the shape of the pulp chamber and the positional relationship between the contour of the crown and the pulp chamber of mandibular second deciduous molars using micro-CT, which allows non-invasive observation and analysis from arbitrary directions. 16) The micro-CT technique has been widely used in recent years, especially for observation of inner structures including the shape of the pulp chamber. Whereas a number of studies have reported the morphological features of the root canal, few studies have conducted three-dimensional observations of the pulp chamber morphology.
17-21)
Nozaka et al. investigated the crown and pulp chamber morphology of mandibular second deciduous molars. 10) Although thin sections were superimposed to construct a solid image for analysis, no clear stage was investigated. However, the contour of the crown and inner pulp chamber morphology is considered to change at different stages after deciduous tooth eruption and the start of occlusion. We investigated the mandibular second deciduous molars during the deciduous and mixed dentition periods to clarify the positional relationship between the crown contour and pulp chamber. The proportional volume of the pulp chamber relative to the tooth crown was calculated to objectively evaluate the morphological changes in the two dentition periods.
The results showed that the proportional volume in the mixed dentition period was significantly lower than in the deciduous dentition period. Although the first molar and central incisor reached the occlusal line in the mixed dentition period, and tooth attrition of the mandibular second deciduous molar did not reach the dentin, the proportional volume of the pulp chamber was significantly lower in the mixed dentition than in the deciduous dentition period. The possible reasons considered were: 1) rapid and regular formation of secondary dentin in the entire pulp chamber with time, and 2) stimulus transmission to the dentin despite tooth attrition without reaching the dentin, causing the formation of tertiary dentin in the pulp horn. These results suggest that the formation of secondary and tertiary dentins was more active than the decrease in enamel due to tooth attrition. Changes in the dentinal thickness of each pulp horn in the deciduous and mixed dentition periods were then investigated. Since the position of the dentinoenamel junction remains unchanged, the distance between each pulp horn and the dentinoenamel junction was measured to allow comparison between the deciduous and mixed dentition periods. The results showed little difference in the mesiobuccal pulp horn between the two periods, the distance being shortest (approximately 1.5 mm). In contrast, the distobuccal pulp horn showed the largest change between the two periods. Although the crown contour of the mandibular second deciduous molar was similar to that of the mandibular first molar, the occlusal surface was small due to significant narrowing of the cervical area and lingual tipping of the buccal surface. This is considered to be one of the reasons why the pulp chamber shifted to the mesial side in terms of the positional relationship between the crown contour and pulp chamber of the mandibular second deciduous molar.
Since the mesiobuccal pulp horn was the highest, and the pulp chamber was elevated to the mesial side in the deciduous dentition period, extra care with regard to the mesiobuccal pulp horn is needed during cavity preparation for mandibular second deciduous molars.
In conclusion, the positional relationship between the crown contour and pulp chamber of mandibular second deciduous molars was investigated. The results obtained suggest that the mesiobuccal pulp horn projects to the largest extent and has an eminence oriented toward the buccal side, whereas the location of the pulp chamber shifts to the mesial and buccal sides relative to the crown contour. It is suggested that care is needed in order to avoid exposure of the mesiobuccal pulp horn during class 2 cavity preparation.
